The geometrical, electronic, and magnetic properties of twisted zigzag-edged graphene nanoribbons (ZGNRs) and novel graphene Möbius strips (GMS) are systematically investigated using first-principles density functional calculations. The structures of ZGNRs and GMS are optimized, and their stabilities are examined. The molecular energy levels and the spin polarized density of states are calculated. It is found that for twisted ZGNRs, the atomic bonding energy decreases quadratically with the increase of the twisted angle, and the HOMO-LUMO gap are varying in a sine-like behavior with the twisted angle. The calculated spin densities reveal that the ZGNRs and GMS have antiferromagnetic ground Preprint submitted to Elsevier 11 May 2014
between molecules that may cause the cancellation of magnetism [9] . Therefore, in order to obtain the magnetic organic materials, it is important to develop relevant techniques for designing and studying the nature of graphene at the atomic level, including the electronic and magnetic properties for carbon-based molecules and nanostructures.
It is well known that there are two types of edges in a graphene nanoribbon (GNR) [3] , namely armchair and zigzag edges. Localized electronic states at the zigzag edges of GNR have been reported theoretically [10, 11] , and later confirmed experimentally by scanning tunneling microscopy and spectroscopy [12, 13] . Recently, a number of works have predicted the existence of an antiferromagnetic (AFM) ground state that lays up-spin at one edge and down-spin at the other edge of a zigzag-edged graphene nanoribbon (ZGNR) [14, 15, 16, 17, 18] . The armchairedged graphene nanoribbon (AGNR) does not have such a magnetic property. Although such AFM ground state has not been confirmed experimentally for a single graphene nanoribbon, Enoki and coworkers have observed the localized spins in graphite nanodomains of activated carbon fibers, and attributed the origin to the zigzag edge [19, 20] . However, the above-mentioned theoretical and experimental works did not study the magnetic properties of the twisted ZGNR.
If we connect the two ends of a twisted ZGNR, a carbon Möbius strip could be formed. In 1982, the molecules with the shape of a half-twisted Möbius strip have been synthesized for the first time [21] . In 1998, Mauksch et al. [22] have presented a computational reinterpretation of experimental data, showing that (CH) + 9 could be a Möbius aromatic cyclic annulene with 4n π-electrons. Electronic properties of ring compounds were discussed theoretically in connection with Möbius aro-matic properties in some works [23, 24, 25, 26] . Martín-Santamaria and Rzepa [23] presented an analysis of the main features of Möbius annulenes by considering the π-molecular orbital correlation between the planar Hückel configuration and the twisted C 2 symmetric Möbius system. The synthesis of a stable Möbius aromatic hydrocarbon has been obtained for the first time in 2003 by Ajami et al. [27] who combined a normal aromatic structure (such as benzene, with trigonal planar In this paper, the geometric, electronic and magnetic properties of twisted ZGNRs and Möbius strips will be systematically investigated by means of the first principles calculations. For the ZGNRs, various sizes and twisted angles will be considered, and the main focus will be given to the effect of different twisted angles on electronic and magnetic properties of ZGNRs. In addition, a series of Möbius-like strips derived from ZGNRs will be generated, and their electronic and magnetic properties will be also studied.
Computational Details
All calculations have been performed using the Vienna Ab-initio Simulation Package (VASP) [29, 30] 
Results and Discussion

Structures and Stability
First let us cut graphene to generate ZGNRs with specific sizes, and then twist them with different angles. twisted times N t = 2, 3, and 4. In particular, the structures of
to 40, W = 4, N = 240 to 320 can be generated (only the structure with N = 240 is shown in Fig. 2(b) ). To check the dynamical stability and to relax the geometry, molecular dynamics (MD) calculations have been performed to simulate the annealing process from 1000 K to 300 K. It turns out that all generated structures are kept, and only small deformations occur. Interestingly, a new metastable structure with N t = 0 is also uncovered in the simulated annealing process (the second one of Fig. 2(b) ).
For the above twisted ZGNRs and Möbius-like strips, the structures are optimized again, and their relative energies are obtained. To compare the relative energies of structures with different number of carbon atoms, the atomic bonding energy E b is a proper quantity, which is defined as
where E tot is the total free energy of the system, N is the total number of atoms, and E c is the energy of isolated carbon atom. The lower the −E b (or the larger the E b ), the more stable the structure.
The atomic bonding energies of the untwisted and twisted ZGNRs are given in Table. 1. Table 2 .
Generally, −E b with the same N t are decreasing with the increase of the number of atoms N, and −E b with larger N t grows steeper than those with smaller N t [ Fig.   3(b) ], which could be attributed to the fact that a larger twisted times brings a higher strain at the same strip size. For N t = 0, the bonding energies E b are much larger than those of the cases with N t > 0.
It can be seen from Fig. 3 (b) that E b with N t = 0 are highly competitive, which shows a similar trend for the new stable structure (as labeled in Fig. 2 with N t = 0 (II)) and the nanotube (as in Fig. 2 with N t = 0 (I)). For Möbius-like strips with N t > 0, a larger N t leads to a less stable structure (with a larger −E b ).
For a fixed N t , we observe that the structures with smaller N are more unstable because a smaller nano-ring bears a larger strain from the twisting process. This is also manifested in E b that tends to a common value for bigger Möbius-like strips since the strain effect becomes smaller in the larger system. We should point out that all the structures studied here are optimized by the first-principles calculations. Table 2 E b (eV ) of graphene nano-rings with the atomic number N = 240 − 320 and the twisted times N t = 0 − 4. 
Electronic Structures of Twisted ZGNRs
The electronic structures of twisted ZGNRs are investigated. The molecular energy levels and the density of states (DOS) with different twisted angle θ are 
where E gap is the HOMO-LUMO energy gap, and the fitting parameters are angles. In accordance with this change, the charge may be transferred from one carbon atom to others since the originally orthogonal orbitals are hardly to maintain themselves in the same orientation after relaxation. As a result, the π z orbitals at the ribbon edge are no longer orthogonal to the σ orbitals, and are not exactly parallel to each other among themselves with increasing the twisted angle. When this happens, the magnitudes of the two small peaks just above and just below the Fermi level are increased and the peaks are sharpened.
Edge Magnetism of Twisted ZGNRs and Graphene Möbius-like strips
The charge transfer may not only lead to charge redistribution but also redis- is obtained by integrating spd-projected DOS up to the Fermi level. This result is also consistent well with the spin DOS in Fig. 4(b) , showing that twisting does not have a qualitative effect on the AFM ground states of ZGNRs.
There are a few previous studies on spin polarized properties [17] and structural stability [28] of graphene Möbius-like strips, but the spin-resolved edge states of Möbius-like nano strips with higher twisted times have not yet been reported.
Therefore, it is interesting to pay attention to the nontrivial question whether twist- This phenomenon may be caused by electronic interactions of carbon atoms.
Summary
In this work we have investigated the structural, electronic and magnetic properties of the twisted zigzag-edge graphene nanoribbons (ZGNRs) and Möbius-like strips built on ZGNRs by using the first-principles DFT calculations. The stabilities of those novel structures are examined. The molecular energy levels and the spin polarized density of states are obtained. It is found that the atomic bonding energy of the twisted ZGNRs decreases quadratically with the increase of the twisted angle. The molecular HOMO-LUMO energy gap is disclosed to vary in a sine-like behavior with the twisted angle. The charge transfer is observed, which is due to the twisting on nanoribbons. The twisted ZGNRs could be taken as tunable organic semiconductor materials. The energy of graphene Möbius-like strips is uncovered to increase with the twisted times N t and the effect induced by the twisting process is degraded with increasing of the number of atoms. By using the molecular dynamics simulating annealing process and DFT optimization we also find a new stable structure of graphene short-nanotube. The spin-polarized DFT calculations show that the AFM ground states of the twisted ZGNRs and graphene Möbius-like strips are persistent during twisting. In addition, the spin states on the zigzag edges of Möbius-like strips are observed to flip at some positions. For the ring strip with odd N t , the flip occurs at the contrapositions of the two zigzag edges. For the strips with N t = 0 and 2, the flip takes place at those where two carbon atoms are placed at the closest positions after structure optimization. Our present study might be helpful to understand further the properties of graphene at atomic scales and is useful for future designs of spintronic nanodevices.
